In the millimeter wave (30-300 GHz) and Terahertz (0.1-10 THz) frequency bands, high spreading loss and molecular absorption often limit the signal transmission distance and coverage range. In this paper, four directions to tackle the crucial problem of distance limitation are investigated, namely, a physical layer distance-aware design, ultra-massive MIMO communication, reflectarrays, and intelligent surfaces. Additionally, the potential joint design of these technologies is proposed to combine the benefits and possibly further extend the communication distance. Qualitative analyses and quantitative simulations are provided to illustrate the benefits of the proposed techniques and demonstrate the feasibility of mm-wave and THz band communications up to 100 meters in both line-of-sight and non-line-of-sight areas.
I. INTRODUCTION
W IRELESS communication systems are experiencing a revolution due to the change in the way today's society creates, shares and consumes information. The need to provide ubiquitous wireless connectivity will result in over 11 billion mobile-connected devices by 2020, mainly in part brought by the Internet of Things (IoT) paradigm [1] . In parallel to the growth in the number of interconnected devices, there has been an increasing demand for higher data rates, of at least 100 times beyond current networks; lower latency of around 1 millisecond; reduced energy consumption; improved reliability and security; and higher scalability. Following this trend, hundreds of Giga-bit-per-second (100 Gbps) and even Terabit-per-second (Tbps) links are expected to become a reality within the next five years.
New spectral bands as well as advanced physical layer solutions are required to support these demands for future wireless communications. Specifically, millimeter-wave (mmwave) communication systems (30-300 GHz) have been officially adopted in 5G cellular systems. Several mm-wave sub-bands have been allocated for licensed communications, including 27.5-29. 5 GHz, 36-40 GHz, 57-64 GHz, 71-76 GHz and 81-86 GHz, and 92-95 GHz [2] . While the trend for higher carrier frequencies is clear, the total consecutive available bandwidth for mm-wave systems is still less than 10 GHz, which makes it difficult to support Tbps data rates. In this context, Terahertz (THz) band (0.1-10 THz) communication is envisioned as a key wireless technology to satisfy the future demands within 5G and beyond [3] , [4] . For many decades, the lack of THz transceivers and antennas made the THz band one of the least explored frequency ranges in the electromagnetic (EM) spectrum. However, major progress in the last ten years is enabling practical THz communication systems [5] , [6] .
The use of the mm-wave and THz frequency bands will address the spectrum scarcity and capacity limitations of current wireless systems, and enable new applications, including ultra-high-speed indoor wireless links (e.g., for virtual and augmented reality), and wireless backhaul and access in small cell networks [4] . In addition to macro/micro-scale applications, the THz band will also enable wireless communication among nanoscale machines or nanomachines. The state of the art in nanoscale transceivers and antennas points to the THz band as their frequency range of operation. Applications that are enabled by the nanomachines range from advanced health monitoring systems to chemical attack prevention systems, wireless networks-on-chip and the Internet of Nano-Things.
Nevertheless, a major challenge at mm-wave and THz-band frequencies is posed by the very high propagation loss, which drastically limits the communication distance. Specifically, the free space path loss of a 10-meter link at THz frequencies can easily exceed 100 dB, which makes communication above tens of meters extremely challenging [7] . On the one hand, the very high path loss arises from the spreading loss, which increases quadratically with the frequency, ∝ f 2 , as defined by the Friis' law. On the other hand, the molecular absorption loss, which accounts for the attenuation resulting from the fact that part of the wave energy is converted into internal kinetic energy of the molecules in the propagation medium, also contributes to the path loss in the mm-wave and THz bands [8] . Caused by oxygen and water vapor at the mm-wave and THz frequency bands, respectively, the absorption peaks create spectral windows, which have different bandwidths and drastically change with the variation of the distance, as shown in Fig. 1 . Moreover, despite major developments, the transmission power of THz transceivers is still in the sub-milliWatt range, which further limits the transmission distance.
In this paper, we investigate four strategies to combat the arXiv:1902.04682v1 [eess.SP] 13 Feb 2019 distance problem at mm-wave and THz-band frequencies (see Table I ). Specifically, in Sec. II, we discuss the state of the art in terms of distance-aware physical layer design, in which the physical layer parameters including the THz spectrum allocation, the pulse waveform, and the transmit power are dynamically adapted according to the transmission distance, and investigate the achievable distance gains [7] . In Sec. III, we design and analyze the performance of Ultra-Massive MIMO (UM-MIMO) communications, which are enabled by the integration of a very large number of antenna elements in very small footprints and are able to increase the communication distance by simultaneously focusing the transmitted signal in space (beamforming) and frequency (absorptionless windows) [9] . Third, in Sec. IV, we demonstrate the deployment of reflectarrays in the propagation medium which can efficiently overcome the case with line-of-sight (LoS) blockage, and enhance the signal coverage [10] . Fourth, in Sec. V, we introduce a new type of intelligent surface called HyperSurfaces which utilize novel metamaterials with high spatial resolution to extend the transmission distance through the dynamic control of wireless communication environments [11] . Furthermore, in Sec. VI we investigate the benefits of jointly designing of the aforementioned technologies. Based on these presented technologies, we provide numerical evaluations in Sec. VII to demonstrate the communication distances of up to 100 meters. Finally, we conclude the paper in Sec. VIII.
II. DISTANCE-ADAPTIVE DESIGN
The very strong relationship between the distance and the spectral windows at mm-wave and THz frequencies motivates the development of distance-adaptive communication techniques [12] . Moreover, each spectral window has an ultrabroad bandwidth ranging from multi-GHz to THz, which can be divided into narrower but still broadband sub-windows and allow parallel multi-wideband transmissions. This property can be leveraged in two ways, namely, distance-adaptive multiwideband waveform design and distance-aware bandwidthadaptive resource allocation [7] .
A. Distance-adaptive Multi-wideband Pulse Waveform
In [12] , we proposed for the first time to dynamically adapt the waveforms being transmitted to match the channel available bandwidth defined by molecular absorption. This scheme allows the dynamical variation of the rate and the transmit power on each sub-window. More specifically, we formulate an optimization framework to derive the waveform characteristics and repetition rate which maximize the communication distance while maintaining the rate and transmit power constraints and by taking into account the inter-symbol and inter-band interferences. The results show that the communication distance can be effectively enhanced as the transmit power and the number of frames increase, at the cost of the power consumption and the rate decrease.
B. Distance-aware Bandwidth-adaptive Resource Allocation
Besides improving the individual user achievable data rates, the very large available bandwidth can be leveraged to efficiently allocate multiple users. In this direction, in [7] , we developed a resource allocation scheme that takes into account the physical parameters including the mm-wave and THz spectrum allocation, the modulation techniques, and the transmit power. Since the broad bandwidth in the mm-wave and THz band enables very high data rate transmissions, distance maximization becomes the objective, which is different from the traditional resource allocation problem which either minimizes the energy consumption or maximizes the data rate.
As the distance decreases, the path loss drops and hence, the received power and the usable bandwidth of a spectral window increase. Based on this relationship, the strategic spectrum utilization principle for one spectral window operates as follows. First, the center sub-windows, i.e., the center spectrum in the window, are allocated to the long-distance links. Then, the side sub-windows, i.e., the side spectrum in the window, are allocated to the short-distance transmissions. The resource allocation model that incorporates the aforementioned spectrum allocation principle is formulated in the mm-wave and THz network, and the detailed solution is provided in [7] .
The proposed solutions can effectively increase the communication distance, at the cost of hardware complexity. Currently, only single-band mm-wave and THz-band have been demonstrated. To experimentally demonstrate the proposed solutions, very high-speed digital-to-analog and analog-todigital converters, DACs and ADCs, respectively, are needed. The fastest converters demonstrated to date can support up to 100 Giga-samples-per-second, which can support transmission bandwidths of up to 50 GHz, i.e., less than the actual bandwidth of the channel. For this, sub-Nyquist sampling strategies are needed.
III. ULTRA-MASSIVE MIMO
The concept of Massive MIMO has been introduced in recent years, in which the antenna arrays with tens to hundreds of elements are utilized to increase the spectral efficiency. The current development of massive MIMO communication has demonstrated a testbed at 28 GHz with 256 antenna elements by Anokiwave in 2017 1 As a result, wireless Tbps links can be established over a communication distance of several tens of meters [9] . With current fabrication processes (based on photolithography, electro beam lithography, etc.), the cost of making one front-end or hundreds of them in the same wafer is effectively the same. In addition to the fabrication of such arrays, there will be challenges in the control of the system, which we identify and explain in the section.
A. Plasmonic Nano-antenna Arrays
Plasmonic materials are metals or metal-like materials which support the propagation of surface plasmon polariton (SPP) waves. SPP waves are confined EM waves that appear 1 Anokiwave Introduces 5G mmWave Reconfigurable 256-Element Active Antenna Array in October 2017. [Online]: http://www.microwavejournal.com/articles/29235-anokiwave-introduces-5g-mmwave-reconfigurable-256-element-active-antenna-array. Going one step further, in [9] , we introduced for the first time the concept of ultramassive MIMO communications (1024 × 1024), by equipping 1024 antenna elements at transmitter side and 1024 at receiver side, respectively. This could be enabled by novel plasmonic nano-antenna arrays and can drastically increase the communication distance at mm-wave and THz frequencies by simultaneously focusing the transmitted signals in space and in frequency.
at the interface between a metal and a dielectric as a result of global oscillations of the electrical charges. Different plasmonic materials can support SPP waves at different frequencies. In particular, graphene, a one-atom-thick carbon-based nanomaterial with unprecedented mechanical, electrical and optical properties, has been experimentally proved to support the propagation of SPP waves at THz-band frequencies [5] , [6] , [13] . Metamaterials can support plasmonic waves at mmwave frequencies [5] . Since SPP waves propagate at a much slower speed than EM waves in free space, the resulting wavelength of SPP waves is much smaller than that of EM waves, hence enable the design of a much smaller plasmonic antenna compared to metallic antennas. The advantage of having much smaller sized antennas is the easiness in integrating large 2D antenna arrays which enables the dynamic control of both azimuth and elevation domains efficiently [9] . Nevertheless, having so many elements requires the development of innovative ways to operate the array. One option to reduce the number of control elements is to use an array of sub-arrays architecture, but fully digital architectures can potentially be developed, as discussed in [4] .
The resulting very large antenna arrays can be simultaneously utilized in transmission and reception to enable ultramassive MIMO (1024×1024) schemes. The conceptual design of an end-to-end UM-MIMO system is illustrated in Fig. 2 . In particular, M t × N t and M r × N r antenna subarrays are equipped at the transmitter (Tx) and the receiver (Rx), respectively, in which each subarray is driven by an individual baseband-to-RF chain. Each subarray is composed of P × Q tightly packed antenna elements. Each antenna element is connected to a wideband THz analog phase shifter, which can be implemented by digitally controlled graphene integrated gates.
B. Dynamic UM-MIMO Modes
By properly feeding the antenna array elements, dynamic array modes can be adaptively generated. In particular, we investigate different operational modes by grouping the subarrays. The large number of antenna arrays can be grouped together and hence is capable of steering high-gain narrow beams towards the strongest propagation path, as beamforming (BF). This beamforming design can effectively overcome the very high attenuation at the mm-wave and THz frequencies and importantly, enhance the communication distance. The spatial multiplexing (SM) scheme uses multiple streams on a single carrier to increase the capacity per user, but is most effective when radio links operate in a high signal-to-noise ratio (SNR) regime and are bandwidth-limited.
The benefits of BF and SM can be achieved at the same time by adopting a combination of these two schemes, thanks to the very large bandwidth in the THz band and the very large antenna arrays with thousands of antenna elements. Particularly, multiple antenna elements can be grouped for BF to increase SNR in power-limited situations. At the same time, unique data streams are provided for the different subarrays on the same carrier frequency for SM to increase the user data rates, as long as the THz channel has sufficiently uncorrelated propagation paths in the spatial domain. The tradeoff among the beamforming, the spatial multiplexing or the combination, in terms of the capacity, the spatial degree of freedom and the distance improvement at mm-wave and THz frequencies significantly affects the system performance. The objective is to support multiple ultra-high-speed and long-distance links simultaneously.
C. Multi-band UM-MIMO
To maximize the utilization of the THz channel and enable the targeted Tbps links, more than one spectral window might be needed and utilized at the same time [4] . Multi-band UM-MIMO enables the simultaneous utilization of different frequency bands. More specifically, the response of individual elements in the array can be dynamically and independently modified.
Following this direction, by using different length antennas in the same array or, in the long term, frequency-tunable graphene-based nano-antennas, the multi-band UM-MIMO systems can be enabled by introducing a new dimension of frequency, which facilitates that multiple transmission windows and even the entire THz band can be simultaneously utilized as a combination of many subbands. The advantage is that the multi-band approach allows the information to be processed over a much smaller bandwidth, thereby reducing overall design complexity as well as improving spectral flexibility. In this direction, advanced space-time-frequency (STF) coding and modulation techniques can be developed for the UM-MIMO systems to exploit all of the spatial, temporal and frequency diversities, and hence, promise to yield remarkable performance improvements.
IV. REFLECTARRAYS
In addition to controlling the radiated signals at the transmitter and the receiver with very large antenna arrays and MIMO communication systems, the utilization of reflectarrays in the propagation medium is also projected to enhance the signal coverage.
Reflectarrays have been widely utilized in radars, point-topoint links, and satellite communications because of their flexibility and low cost [10] . Based on principles of phased arrays and geometrical optics, electronically tunable reflectarrays can realize dynamically adjustable radiation patterns. Specifically, the phase shift of of each element in the reflactarray can be controlled electronically and will jointly form an array pattern to receive or transmit the signal to or from desired directions. Compared to phased arrays that require complicated phase shifter circuits and suffer from high transmission line loss at mm-wave and THz frequencies, reflectarrays are simpler in mass production and have higher energy efficiency because there is no need for transmission lines. Since under communication scenarios where receivers are expected to move, antenna arrays should also be flexibly adjustable in order to keep a satisfying SNR at the user end.
In environments with dense multipaths at mm-wave and THz bands, reflectarrays can be deployed to serve single and multiple transmitter and receiver pairs to communicate simultaneously and to extend the transmission range. For example, in an indoor environment where the direct path from a transmitter to a receiver is blocked, as shown in Fig. 3(a) , a reflectarray close to the THz source can be used as a reflector to bounce off the signal towards the UE. The reflectarray can dynamically tune the phase of the elements that can sense the transmitted signal to direct the reflected rays towards the users, without any complicated signal processing techniques at the UE side. Additionally, since multiple reflectarray elements will form sharp beams targeting specific users, the interference among users will be mitigated. Compared to the HyperSurface, reflectarrays are an economic choice for improving coverage probability and extending transmission distance for its relative easiness of installation. The reflectarrays can be installed close to access points (APs), or around turning points or blockage areas.
However, reflectarrays also show some limits in their application. First, the efficiency of electronic tuning is highly dependent on the array size and the characteristics of the environment. Especially in mm-wave and THz bands where the signal transmission paths can be easily distorted by any movement in the environment, the time efficiency and accuracy of channel estimation is critical in providing satisfying link quality to users. Second, at THz band the material for building reflectarrays needs to be reconsidered because studies show that 120 GHz is deemed as the upper limit for micro-electromechanical systems (MEMS) which are the most commonly seen in current antenna architecture [10] .
V. HYPERSURFACES
Beside the intelligent surfaces which target to control the electromagnetic behavior of the environment or with subwavelength resolutions, recent research advances are aimed at controlling the characteristics of the propagation environments in order to improve the transmission distance and solve the non-line-of-sight (NLOS) problem. In this direction, the concept of HyperSurfaces or software-defined meta-surfaces has been recently proposed [11] . In the near future where IoT connects billions of devices, the reflectarrays and HyerSurfaces will serve as optimal solutions to satisfy the exponential growth in system throughput. Use cases include indoor meeting rooms or corridors with multiple sensors and devices connected and a single AP cannot satisfy the connectivity requirements, as shown in Fig. 3(a) and 3(b) .
The HyperSurface is a new type of planar metasurface which can be coated on the surface of indoor environments and can be controlled via software programs to change its EM behavior. The key technology is enabled by metasurfaces, which consist of hundreds of element called meta-atoms, a conductor with the size smaller than half wavelength. Metasurfaces can control the EM waves that impinge on it at certain frequency bands at a very high spatial resolution. These elements are networked by a set of miniaturized controllers that connect the switches of the metasurfaces and a gateway serves as the connectivity unit to provide inter-element and external control [11] . As illustrated in Fig. 3(b) , the signal propagation routes can be optimized for each communication link with the novel design of HyperSurface tiles using metamaterials. Compared to reflectarrays, metasurfaces can exhibit unconventional electromagnetic properties by interacting with electromagnetic waves at a sub-wavelength scale. Metasurfaces allow one to manipulate incoming waves in ways that are not possible with conventional reflectarrays, including wave steering, wave absorption, and wave polarization [11] .
Based on the design of HyperSurface, there are three layers to realize the functionalities of communications, namely, the metasurface layer, the intra-tile control layer, and the tile gateway layer, respectively [11] . Specifically, the metasurface layer is comprised of the meta-atom with sub-wavelength size whose configuration is adjustable according to the EM function. The meta-atoms are controlled by active CMOS switches and passive conductive patches. The intra-tile control layer is the electronic hardware component that can control the HyperSurface via software. This layer comprises a network of multiple controllers, each of which is connected to an active meta-atom element. In particular, the key information, such as switch configurations among tiles, is exchanged within the network of controllers. The tile gateway layer determines the communication protocols between the controller network in the intra-tile control layer and the external network. This architecture of three layers guarantees flexibility and accuracy in the operation workflow of HyperSurface.
In general, hundreds of tiles are embedded behind large areas of walls. As in the default mode, all tiles keep parallel to the walls in which they are embedded and also perpendicular to the ground. When activated, the networked tiles will turn to various angles in both azimuth and elevation in order to provide possible reflection paths from the transmitter to the receiver. Through optimization process in the third layer, all tiles will eventually find their best angles in azimuth and elevation to maintain paths, minimize path loss, mitigate undesired multipaths, and extend the transmission distance.
As opposed to traditional reflectors, HyperSurface serves as a delicate medium to reflect EM waves with ultra-high spatial resolution, and the dominant advantage of HyperSurface is the flexible control brought by the networked architecture of metasurfaces. Additionally, HyperSurface is embedded behind common construction materials which will not affect the aesthetics design and layout of the environment, while reflectarrays are often occupying much space and influence its appearance.
In an environment of a wireless transmitter/receiver pair operating in a general indoor scenario, there normally exists both NLOS and LOS areas. Compared to the LOS area, the NLOS area experiences lower SNR which leads to worse coverage and lower data rates. Additionally, the multipath fading phenomenon becomes dominant, since only reflected, diffracted, and scattered paths with greatly attenuated power and random phase can be found in such NLOS area. In order to form constructive multipath propagation and mitigate the destructive distorted multipath fading, appropriate reflection functions at each tile are needed in order to yield a focusing lens behavior. Thus, the power received by user equipment (UE) in NLOS areas can be considerably higher than the default behavior, meanwhile the propagation paths become more uniform and extended in distance [11] .
VI. JOINT DESIGN OF THE FOUR DIRECTIONS
To combine the benefits of the individual technology, we exploit the possibilities to form the joint force and target for maximum distance improvement. In this section, we propose a joint design of the four directions. Despite the uniqueness of each technique, the joint design based on their strengths can yield even better performance. Specifically, for example, since HyperSurface and reflectarrays are based on the same foundation of ray optics and they all act as reflectors, they can be dynamically combined to formulate a hybrid intelligent surface with the capabilities to accommodate different user density and resolution requirement. In real-world design and implementation, the intelligent surfaces can be divided into different areas to adapt to specific user density and resolution requirements. Moreover, as illustrated in Fig. 3(c) , UM-MIMO can be deployed at both AP and UE to work along with HyperSurface to ease the signal processing overhead and increase the time efficiency. Even when the UE is in motion, the HyperSurface can provide reliable link to the dynamic channel. Additionally, the distance-adaptive design, which provides optimal resource allocation design for multi-band channels, can be compatible with UM-MIMO or HyperSurface to increase the spectral efficiency in mm-wave and THz band networks. For example, with the high beamforming and spatial multiplexing gain brought by UM-MIMO, the adaptively modulated signal is more robust when propagated in complicated environments in both indoor and outdoor scenarios, thus extending the transmission distance.
VII. PERFORMANCE EVALUATION
In this section, we provide numerical results to quantitatively illustrate the benefits of the aforementioned four technologies in Sec. II -V and the joint design in Sec. VI to extend the communication distance. The simulation environment is an "E" shape indoor hallway as shown in Fig. 4(a) , which resembles the layout of the Van Leer building in School of ECE at Georgia Tech. In particular, an AP is utilized to provide ultra-broadband THz communications to the UEs along the hallway. When users are blocked by walls, LOS transmissions are obstructed and only paths through reflections can provide viable links. In our simulation environment, the indoor space has a height of H = 3 m. All walls, floors, and ceilings are regarded as planar surfaces comprised of concrete and plywood coverings.
Specifically, as shown in our simulation environment in Fig. 4(a) , there are in total 15 Rx locations including nine in LOS area and six in NLOS areas, as well as one Tx location located in the hallway on the ceiling level. The Rx locations are chosen in order to compare the same distance in both LOS and NLOS areas. Due to the specific environment layout, some Rx with distances less than 40 m and of 70 m cannot be found in NLOS areas. The nine Rx in LOS area have the distance of 10 m to 90 m from the Tx, while six Rx in NLOS areas have the distance of 40-60 m, and 80-100 m from the Tx, all with a spacing of 10 m. The Tx is located at (5 m, 5 m, 2.95 m) and the Rx has a uniform height of h = 1.5 m. We utilize a three-dimensional dynamic raytracer developed for mm-wave and THz bands, specifically to perform ray tracing from the Tx to all Rx locations in 3D space [14] , which has been used to support the simulation work in [15] . This map-based ray-tracer is built based on 3D channel models in mm-wave and THz frequency bands and is validated against field measurements. With the capability to configure the simulation environment based on real-world scenarios in both indoor and outdoor space, the ray-tracer provides accurate and realistic spatial channel properties with detailed path information on LOS, reflection, diffraction, and scattering paths. In this simulation, we evaluate three distinct frequency bands at 0.06, 0.3, and 1 THz, and the bandwidth is set as 10% of the center frequency in each simulation case. The transmitted signal power is set to be 10 dBm at the Tx. In the case of UM-MIMO, the gain of antenna arrays is 30 dBi at both Tx and Rx where in the baseline case, omnidirectional antennas are used at both sides. Without loss of generality, in our simulation, we assume the reflectance values of the walls, floors, and ceilings are 0.75, 0.5, and 0.8, respectively [15] . The noise power spectral density is −160 dBm/Hz [8] .
Based on the 3D ray-tracing simulation results at 0.06, 0.3, and 1 THz, we are able to examine the transmission distance improvement in mm-wave and THz frequency bands. As shown in Fig. 4(b) , the distance to reach a threshold of SNR of 10 dB is around 18 m in the baseline case at 60 GHz in LOS (with no techniques utilized). After applying either the UM-MIMO communication technique, HyperSurface, or the joint design, the distance to reach the same threshold of SNR is increased to more than 90 m. Even for Rx located in NLOS areas, the distance improvement is significant. Similar trend can be observed in both cases at 300 GHz and 1 THz. As shown in Fig. 4(c) , at 300 GHz, the SNR threshold of 10 dB cannot be reached without any techniques deployed, while the joint design provide satisfying link up to 85 m for UEs in both LOS and NLOS areas. Moreover, the joint design offers robust transmission until 60 m for both cases even at 1 THz, as shown in Fig. 4(d) . The simulation results also show that the distance improvement of these technologies and the joint design is consistent throughout mm-wave and THz bands, with the average gains introduced by UM-MIMO communication, HyperSurface, and the joint design to be approximately 17 dB, 15 dB, and 32 dB, respectively.
VIII. CONCLUSION
This paper analyzes the distance limitation problem faced by both mm-wave and THz bands caused by atmospheric attenuation and molecular absorption in wireless communication systems. Through in-depth studies on current research advances on physical layer distance-adaptive design, ultramassive MIMO, reflectarrays, and HyperSurfaces, we demonstrate directions to solve the limited transmission distance problem. Moreover, joint design based on the four directions is highlighted to fully address the issue of limited transmission range and blockage effect. Based on the analyses, simulation results demonstrate at least five times distance improvement in utilizing individual technology and 10 times improvement in joint design in real-world communication scenarios.
